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Abstract 
The process gas from aluminium production generally has a CO2 concentration close to 1 vol%, which is usually considered too 
low for economically viable CO2 capture. Changes made to the current technology, the Hall-Héroult, together with advances in 
mechanical and automotive components can facilitate for a higher CO2 concentration in the process gas. However, the 
assessment of the feasibility of achieving this is outside of the scope of this article. The aim of the work presented in this article 
is to investigate the optimal CO2 concentration from a CO2 capture perspective. Capture of CO2 from aluminum production has 
been simulated using CO2 concentrations of 1, 4, 7 and 10 vol%, the current 1 vol% case is included for references purposes. 
Generic MEA based CO2 capture models have been built-up in Aspen Hysys and Aspen Plus. The results from these 
simulations provide input to the cost estimation of the CO2 capture process. Based on the results from the economic assessment 
with the current assumptions, the overall recommendation is to increase the CO2 concentration to 4 vol%. Further increase to 7 
and 10 vol% shows only minor savings potential. In addition, the potential for extracting energy from the process gas for 
utilization in the CO2 capture process has been assessed. The results show that the highest capture rate, around 55 %, can be 
achieved, further affirming that the optimal CO2 concentration in the process gas is 4 vol%.  
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1. Introduction 
In order to combat man-made climate change, industry as well as the power sector can expect to be submitted to 
CO2 emission constraints. Emissions from industrial plants have over the years gradually been reduced due to 
technology development, increased energy efficiency and increased use of alternative fuels, like biomass. Further 
reductions due to these measures are expected, however, the implementation of CCS is also needed if emission 
reduction targets are to be reached.  
Aluminium is a light-weight metal and the most widely used non-ferrous metal. The raw material of aluminium 
is bauxite from which alumina (aluminium oxide) is extracted. Alumina has a high smelting point, around 2000ºC, 
and therefore electrolysis is utilized for extraction. The current technology is based on electrolytic smelting of 
alumina and the process is called the Hall-Héroult. Here, alumina is dissolved in molten cryolite (Na3AlF6, the 
electrolyte) and reacted with carbon at a temperature between 950 – 980ºC in cells (a production plant can consist 
of several hundred cells depending on the size of the plant). The carbon acts as an anode (negatively charged) and 
is continuously depleted and consequently replaced. The aluminium is deposited in pots that are also lined with 
carbon. These acts as cathodes and are positively charged. The reaction equation for the reduction is 2Al2O3 + 3C 
ĺ$OCO2. According to the equation, the process gas from aluminium production should mainly consist of 
CO2, however, this is not the case. The current cell design necessitates that large amounts of air is supplied to the 
cells. This is to limit the temperature in the cell and thereby reducing the strain on mechanical and automatic 
components, as well as heat radiation exposure to the operators in the plant. The air supplied to the cells reduces 
the CO2 concentration in the process gas down to about 1 vol%. 
This concentration is considered to be too low for economically viable CO2 capture. Therefore, the aim of this 
article is to investigate how the economy of CO2 capture changes when the CO2 concentration in the process gas 
increases. As the plant is located in Norway, CO2 emissions related to the generation of electricity has not been 
included, as almost all is hydro based, i.e. carbon free electricity.  
The work presented in this article and a previous article, Mathisen et al. [1], encompasses a theoretical exercise 
for determining an optimal CO2 concentration of the process gas from aluminium production based on economic 
considerations. Since an increase in CO2 concentration means a reduction in the amount of cooling air supplied to 
the cells, a modification of the cell design is necessary in order to handle the elevated temperatures. The cost of 
this development has not been taken into account in this article. However, the purpose here is to provide a CO2 
concentration target from a CCS angle. CO2 concentrations of 1, 4, 7 and 10 vol% have been investigated using a 
model of a generic CO2 capture plant, with monoethanolamine (MEA) as the solvent, is used as the basis for the 
simulations in Aspen Hysys and Aspen Plus. The results are evaluated according to cost of CO2 capture, CAPEX 
and OPEX. A capture rate of 85 % has been adopted. 
In addition to the higher CO2 concentration, an increase in process gas temperature can also be expected as 
cooling is reduced. This excess energy can be utilised in the regeneration of MEA in the CO2 capture plant. 
Capturing CO2 from industrial processes will in many cases involve an external energy plant to provide the energy 
needed. This will increase the cost of CO2 capture and utilization of the excess energy from the production plant is 
favorable. This aspect will also be discussed.  
 
Nomenclature 
CAPEX Capital expenditure 
CCS Carbon capture and storage 
MEA Monoethanolamine 
OPEX Operational expenditure 
Vol Volume 
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2. Aluminum production, CO2 capture and energy utilisation 
Aluminium production is a highly energy intensive process. Much effort is being put into reducing the energy 
consumption. According to Hydro Aluminium, the average electricity use in the Norwegian aluminium production 
has been reduced down to about 13.5 kwh/kg aluminium in 2011 from 15 kwh/kg aluminium in 1993 [2]. 
Aluminium produced in Norway and Iceland is the least carbon intensive in the world, at around 4 kg CO2e per kg 
aluminium produced [2]. Hydro Aluminium is continuously working on improving the efficiency of the process. 
Even though a lot of progress has been and will continue to be made, it is likely that also CCS will be a part of the 
solution to reduce green house gas emissions. Therefore, possibilities of making the process carbon capture ready 
are explored by Hydro Aluminium, however, this technology development is still some time off. 
As an input to this technology development, the focus of this article is to investigate the consequence of 
increased CO2 concentration in process gas from 1 vol% to 4, 7 and 10 vol% on the CO2 capture cost. The purpose 
is to find the CO2 concentration that could make CCS feasible for the aluminium industry, as the current CO2 
concentration (1 vol%) is considered to be too low for effective and consequently, economically viable CO2 
capture. A theoretically modified Hall-Héroult based aluminum plant located in Norway is coupled with a generic 
MEA based post-combustion CO2 capture plant. Certain common process gas components (e.g. SOx, NOx, dust) 
are known to contribute to degradation of MEA. The process gas from the aluminium plant is foreseen to undergo 
post-treatment (dry and wet scrubbing) after exiting the cells, both to recover valuable materials for reuse in the 
process and to adhere to current emission limitations. After treatment the concentration of SOx, and dust (no NOx is 
reported) is reduced to a safe level. However, there is uncertainty in regard to the effect that the salt water used in 
the wet scrubbing can have on MEA. 
What is distinctive with the aluminum production in Norway is the cold water used in the wet scrubber system. 
This wash water cools the process gas down to 9.5 °C. The low process gas temperature makes the need for 
cooling before absorption unnecessary, in addition other, and less expensive, materials could be utilized in the 
absorber. A sketch of a MEA based CO2 capture plant is shown in Figure 1. 
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Fig. 1. Sketch of a MEA based CO2 capture plant. 
An important part of the CO2 capture process is the energy supply, and this is especially important when 
considering capture from an industrial plant. The amount of excess energy that can be made available for CO2 
capture can vary greatly from industry to industry and even between plants in the same industry. The addition of an 
energy plant on site will greatly increase the cost of CO2 capture. In the current investigation, an increase in the 
CO2 concentration will consequently increase the temperature of the process gas. For maximum utilisation of this 
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energy, the extraction should be implemented before further treatment of the process gas, however, fouling will 
likely be a problem. In Figure 2, a sketch of an aluminum plant integrated with heat recovery, post-treatment and 
CO2 capture is shown. 
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Fig. 2. Sketch of aluminum production with heat recovery and CO2 capture.  
3. Simulations 
Process simulations using both Aspen Hysys and Aspen Plus have been performed. Aspen Hysys is primarily 
used, while Aspen Plus is used to confirm the results from Aspen Hysys (this will not be discussed further in this 
article) and in the capture rate analysis. A model of a generic CO2 capture plant, where MEA is used as the solvent 
is the basis for both simulations. For the simulations in Aspen Hysys, the Peng-Robinson equation of state is used 
to calculate thermodynamic properties and the amine package Kent Eisenberg is used to predict the Murphree 
efficiency in columns. For more on Murphree efficiencies the reader is referred to Øi [3]. In Aspen Plus, the 
absorber and desorber columns are simulated using the RadFrac block for rate-based calculations with the 
Electrolyte NRTL property model, and the Reidlich-Kwong equation of state. Extensive work has been done in the 
field, amongst others, Kothandaraman [4] and Øi [3]. 
Currently, the CO2 concentration in a process gas from aluminum production plants is approximately 1 vol%. 
The effect of increasing the CO2 concentration to 4 vol% and then further for 7 and 10 vol% is investigated. 
Information about the process gas flow rate and temperature is given in Table 1 for the three investigated cases. 
The total amount of CO2 entering the capture plant is the same for all cases as the only change is the amount of air 
supplied to the cells.  
 
Table 1. Process gas parameters. 
CO2 concentration 
(vol%)* 
Process gas flow rate (kg/s) Temperature before heat 
H[WUDFWLRQࡈ& 
Energy that can be 
extracted (MW) 
Temperature before CO2 
capture ࡈ&) 
1 369 165 5.8 9.5 
4 85 265 10.2 9.5 
7 49 330 9.3 9.5 
10 35 365 7.9 9.5 
*The rest of the process gas is assumed to contain water vapour, nitrogen and oxygen, as only traces of HF, SO2 and dust is present in the   
process gas after treatment. 
3.1. Basis for the cost estimation 
A closed loop generic MEA capture plant model has been developed in Aspen Hysys. The results from the 
simulation provide input to the cost estimation. The lean solvent flow and the absorber height are kept constant for 
all simulations. The results from the simulations are shown in Table 2 and 3. In Table 2 the estimated reboiler duty 
for each of the cases is provided. It can be seen that with an 85% capture rate there are small differences in the 
reboiler duty needed between the cases, with the 4 vol% case giving a slightly higher reboiler duty.  
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Table 2. Results from the investigation into CO2 capture rate. 
CO2 concentration (vol%) Required reboiler duty 85 % capture 
efficiency (MW) 
Specific reboiler duty at 85 % capture  
efficiency (MJ/kg CO2 captured) 
1 16 3.75 
4 16 3.7 
7 16 3.6 
10 16 3.6 
 
The only component to be significantly affected by the increased CO2 concentration is the absorber column (and 
the water wash section). This is because, the efficiency of the column increases with increasing CO2 concentration 
and at the same time the volume flow of the process gas decreases as less air is present. The rest of the components 
in the capture plant will only be affected minimally. This is because the amount of CO2 sent to the capture plant is 
the same for all of the cases.  
 
Table 3. Size of main components. 
CO2 concentration 
(vol%) 
Absorber diameter [m] Absorber packing 
Height [m] 
Desorber diameter [m] Desorber packing height 
[m] 
1 11.5 12 2 12 
4 6 12 2 12 
7 4.5 12 2 12 
10 4 12 2 12 
 
3.2. Capture rate analysis 
Traditionally, when discussing CO2 capture, capture rates of at least 85% and even up towards 95% are sought. 
This could be argued as reasonable when it comes to capture from the power production sector, and for some 
industrial plants, but for others this might be challenging. The reason for this is that very few plants can provide 
the energy needed for CO2 capture in the existing plant and existing utility supply. As a consequence when 
implementing a CO2 capture plant with the industrial plant, an energy plant is almost always needed. This will 
increase the investment cost, not only due to the extra plant, but also because more CO2 is produced in the energy 
plant. This additional CO2 must be handled in the CO2 capture plant, hence the size increases. It is therefore 
necessary to identify the amount of excess energy from the industrial production process that can be made 
available for this purpose.  
The consequence of increasing the CO2 concentration is an increased process gas temperature, however, the 
flow rate is reduced. An energy analysis has been performed on the three cases and identified available energy is 
given in Table 1. An Aspen Plus MEA based CO2 capture model is used to simulate the new CO2 capture rates 
using only the available energy. The results from the capture rate analysis are presented in Table 4.  
 
Table 4. Results from the capture rate analysis. 
CO2 concentration (vol%) Amount of available energy in the process gas (MW) Capture rate utilizing excess energy (%) 
1 5.8 30 
4 10.2 55 
7 9.3 52 
10 7.9 50 
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The simulations are performed using a full-scale model design for 85% capture rate. Hence, the equipment sizes 
and flow rate of circulating solvent are not changed from the simulations targeting 85% capture rate. This approach 
is chosen because it is the most flexible solution as there is room for further improvements to the capture 
technology (more efficient components and solvents). Modeling a smaller capture plant, where only part of the 
total process gas enters, might save costs initially. However, in the long run it might be more costly if the plant 
becomes undersized after some time.  
Table 4 shows that around 55% of the CO2 can be captured for the 4 vol% case with the current assumptions, 
while, only about 30 % can be captured for the 1 vol% case. For the 7 and 10 vol% cases the CO2 capture rates are 
around to 52 and 50%, respectively. The idea behind having a reduced capture rate, where the energy from the 
industrial process covers the needed energy could lower the threshold for industry to adopt CCS.  
 
4. Cost estimation 
The investment cost (CAPEX) and operational cost (OPEX) for MEA based CO2 capture from an aluminium plant 
with CO2 concentrations of 1, 4, 7 and 10 vol% have been estimated and compared. The cost data have reference 
year 2012. It is assumed that the CO2 capture plant built is nth of a kind (i.e. the technology is mature). The 
investment cost calculations are performed using a detailed factor estimation method. The equipment costs are 
calculated with “Aspen In-Plant Cost Estimator” and the cost escalation from 2010 to 2012 is based on the data 
from Eurostat (the statistics organization connected to the EU). The uncertainty in the estimate depends highly on 
whether the total scope of the plant is known, in this case i.e. if all components needed are identified. If all 
components are identified an investment estimate based on the detailed factor estimation method normally has an 
uncertainty of +/- 35% (80% confidence interval). A contingency (20%) is included in CAPEX. This is to cover 
items that would have been discovered after completing the detailed engineering of the plant.  
The four cases (1, 4, 7 and 10 vol% CO2) are simulated using Aspen Hysys. The investment costs (CAPEX) are 
estimated from equipment lists that are derived from these simulations. The operational cost (OPEX) is based on 
mass and energy flows in and out of the plant per hour and is obtained from the Aspen Hysys simulations. The 
annual costs are calculated based on a utility price list. The main cost drivers in OPEX are steam for regeneration 
of MEA, electricity and maintenance (4% of CAPEX/an). The degradation of MEA is assumed to be low due to 
cleaning/cooling of the flue gas. Steam used in the capture plant (reboiler, etc.) is bought at a cost of 12.5 €/tonne, 
i.e. the cost of building an external energy plant has not been included in the CAPEX. Electricity from the grid, at a 
cost of 4.4 ¢/kW, is used to supply energy for compression of CO2. The calculation of captured cost (€/tonne CO2) 
is based on 7.5 % rate of return and 25 years of operation. 
The results from the cost estimation are given in Table 5. 
 
Table 5. Results from the cost estimation. 
CO2 concentration (vol%) 
 
Capture cost with 85 % capture rate (€/ tonne CO2 captured) 
1 77 
4 56 
7 52 
10 50 
 
In Figure 3 the changes in capture cost as a function of the CO2 concentration is shown. The graph indicates that 
increasing the CO2 concentration in the process gas from 1 to 4 vol% would result in a noticeable reduction in the 
capture cost, while a further increase from 4 to 7 or 10 vol% would only give marginal reductions.  
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Fig. 3. CO2 capture cost as a function of CO2 concentration in the process gas. 
4. Conclusion and recommendations 
An economical assessment of CO2 capture from a theoretical aluminium production plant with process gas CO2 
concentrations of 1, 4, 7 and 10 vol% has been carried out. The findings, based on the current assumptions, show 
that an increase in CO2 concentration from 1 to 4 vol% is recommended. Further increases in the CO2 
concentration, to 7 and 10 vol%, show further reductions in the capture cost, however, this is marginal. In addition, 
the amount of energy that can be extracted from the process gas is greatest for the 4 vol% case. The initial 
investigation into utilising the energy made available from the aluminium production shows that about 55% of the 
CO2 could be captured. Adopting a capture rate of 55%, as opposed to 85%, will reduce both the investment and 
operational cost. This approach may contribute to lowering the threshold for industry to adopt CCS. The actual 
cost of modifying the aluminium production cells is not considered beyond the fact that it is assumed that 
increasing the concentration further from 4 vol% would be more costly. 
 
5. Further work 
A further investigation into utilization of the energy made available from the process gas in the CO2 capture 
plant will be undertaken. This will also include optimization of the heat recovery unit. 
Acknowledgements 
The authors wish to thank the Norwegian Research Council (the Climit program) and the industrial partners; 
Aker Clean Carbon AS, Elkem Thamshavn AS, E.ON Sverige AB Hydro Aluminium AS, NOAH AS, Norcem 
AS, and Noretyl AS for the financial contribution to this work. 
References 
[1] Mathisen A. Sørensen H. Melaaen M. Müller G-I. Investigation into optimal CO2 concentration for CO2 capture from aluminium 
production. GHGT-11. 2012 
[2] Gassnova and Mott MacDonald. Norwegian Carbon Capture and Storage (NCCS) study, Status report: Realisation of full-scale CCS in 
Norway, Areas of feasibility.2012.  
[3] Øi LE, Removal of CO2 from exhaust gas; Telemark University College, 2012 
[4] Kothandaraman A, Carbon dioxide capture by chemical absorption: a solvent comparison study, Massachusetts Institute of Technology, 
2010 
0
10
20
30
40
50
60
70
80
90
0 2 4 6 8 10
€/
to
nn
e 
C
O
2 
ca
pt
ur
ed
 
CO2 concentration [vol%] 
